A hybrid perturbed-chain SAFT density functional theory for representing fluid behavior in nanopores J. Chem. Phys. 138, 224706 (2013) In this paper, we applied a version of the nonlocal density functional theory ͑NLDFT͒ accounting radial and longitudinal density distributions to study the adsorption and desorption of argon in finite as well as infinite cylindrical nanopores at 87.3 K. Features that have not been observed before with one-dimensional NLDFT are observed in the analysis of an inhomogeneous fluid along the axis of a finite cylindrical pore using the two-dimensional version of the NLDFT. The phase transition in pore is not strictly vapor-liquid transition as assumed and observed in the conventional version, but rather it exhibits a much elaborated feature with phase transition being complicated by the formation of solid phase. Depending on the pore size, there are more than one phase transition in the adsorption-desorption isotherm. The solid formation in finite pore has been found to be initiated by the presence of the meniscus. Details of the analysis of the extended version of NLDFT will be discussed in the paper.
I. INTRODUCTION
For the last decade there is a significant progress in understanding of capillary phenomena, probably, due to the following two factors: the discovery of highly ordered adsorbents MCM-41 silicas with a well-defined cylindrical pore structure [1] [2] [3] and the wider applications of sophisticated molecular models, one of which is the nonlocal density functional theory ͑NLDFT͒. 4 -13 It was shown that classical models, even those based on rigorous thermodynamic approach like the Broekhoff and De Boer method, 14, 15 are not accurate enough and is applicable only to wide cylindrical pores. 16 Simpler models using Kelvin equation 17 need special attention. The Barrett, Joyner, and Halenda method of pore size distribution analysis 18 based on this equation significantly underestimates pore diameters and may lead to correct results only for pores having diameter larger than 20 nm. 19 Some improvement of the Kelvin equation was proposed by Jaroniec et al. [20] [21] [22] They modified it for the case of semispherical meniscus and showed that the new equation named KJS ͑Kruk, Jaroniec, and Sayari͒ is applicable to the adsorption branch of nitrogen and argon isotherms on MCM-41. Note that the Kelvin equation derived for the semispherical meniscus yields pressure at which capillary evaporation occurs. This is known to associate with thermodynamic equilibrium, 14, 23, 24 and the pressure at which capillary evaporation occurs is known as the equilibrium vapor-liquid transition pressure. Because hysteresis is usually present, this suggests that capillary condensation does not occur at vapor-liquid equilibrium transition pressure, but rather at a vaporlike spinodal point, where adsorbed phase loses its mechanical stability. On the contrary, the capillary evaporation may occur at a pressure, which is less than the equilibrium transition pressure. This shift of the evaporation pressure is ascribed to single-pore blocking effect. 25 The mechanism of capillary evaporation from an open-ended cylindrical pore is still not completely understood. It was found that the steepness of desorption isotherms increases with a decrease in pore diameter, and such steepness is not due to the narrow pore size distribution. 20 It is also well known that there is the lower limit of pressure above which hysteresis is observed. 26 For nitrogen at 77 K this lower limit of relative pressure is about 0.4, while for argon it is 0.34 at 87.3 K. 27 So far there are no rigorous models that could describe all features of adsorption and desorption isotherms and not resort to any hypothetical assumptions even in the simplest case of cylindrical pores of MCM-41. For example, the Broekhoff and de Boer theory could not describe the reversibility of adsorption and desorption isotherms. 19 Nonlocal density functional theory does predict reversibility, but gives markedly lower value for the critical pore diameter of hysteresis loop than that observed experimentally. For example, in the case of nitrogen adsorption at 77 K the NLDFT predicts a critical pore diameter of 2 nm 19 instead of 4 nm, which is observed experimentally. This difference is still not completely understood. Even for larger pores there are some deviations between estimation of pore diameters determined with NLDFT and with x-ray diffraction data, 16 which requires further discussion. One of the reasons hampering to quantitatively describe experimental isotherms might be associated with the use of the one-dimensional version of the NLDFT both for slit and cylindrical pores that implies the adsorbed phase to be homogeneous along the pore walls surface. However, pore filling and evaporation occur through the formation of meniscus, which could be described only in the framework of two-dimensional ͑2D͒ or three-dimensional ͑3D͒ configuration of the pore. Hereafter we apply the terms one-dimensional and two-dimensional versions of the NLDFT or solutions just for simplicity, meaning that in all cases the real adsorption process occurs in three-dimensional space. So the term 1D version of the NLDFT in the case of cylindrical pore denotes that there is only one independent variable, namely radius, along which the change of adsorbed phase density can be observed, while in longitudinal direction the adsorbed phase is homogeneous. Also, it should be kept in mind that the process of solidification of the adsorbed fluid ͑which could occur in pores͒ cannot be described by the 1D model. It is interesting to note that isotherms obtained for model cylindrical pores by the one-dimensional NLDFT and in Monte Carlo simulations were shown to agree quite well 16 although MC simulation is a three-dimensional task. The reason of such an agreement could be associated with the size of the simulation cell, which is not large enough ͑typically 10 collision diameters 28, 29 ͒ to allow three-dimensional molecular rearrangement. On the other hand, the use of relatively large simulation cell of 30ϫ30 collision diameters in slit pores does lead to the solidification. 30 It should be noted that an important factor is the roughness of pore walls. Thus, in GCMC simulations of xenon adsorption in a silicalike adsorbent 31 a very long simulation cell ͑up to 108 nm along the cylindrical pore axis͒ was used. In this work the authors generated an amorphous pore wall surface by a LennardJones frozen liquid for oxygen atoms, which allowed them to model a rough surface. In this case no solidification was observed. The aim of this paper is to extend the NLDFT to the two-dimensional case of a cylindrical pore in order to obtain a better insight of the mechanism of adsorption and desorption. We consider adsorption isotherms for finite and infinite pores for the case of argon adsorption in cylindrical carbon nanotubes at 87.3 K.
II. THE STATE OF INVESTIGATIONS OF CAPILLARY PHENOMENA FROM THE VIEWPOINT OF DENSITY FUNCTIONAL THEORY
The background of the nonlocal density functional theory and its application to the analysis of adsorption in pores of different shape are well described in the literature. 4 -13 The basic idea of this theory is to find the density distribution in molecular scale inside a system ͑for example, confined fluids in pore, and the vapor-liquid interface͒ such that a general thermodynamic condition of equilibrium is satisfied. For open isothermal systems of constant volume, which conform to a grand canonical ensemble, the equilibrium condition corresponds to the minimum of the grand thermodynamic potential ⍀. Most applications of the NLDFT to adsorption rely on minimization of this thermodynamic function because real pore systems can exchange mass and energy with the surrounding. In this case the density distribution is obtained at a specified chemical potential ͑which is equivalent to specifying the bulk phase pressure͒ and temperature. By such a way one can generate a set of isotherms corresponding to pores of different size. For sufficiently large pores the calculated isotherms exhibit a sharp increase in the adsorption amount at the point known as the equilibrium phase transition pressure. At this point the grand potentials of the liquidlike and the vaporlike coexisting phases are equal. For pressures greater than the equilibrium transition pressure the local minimum of the grand potential corresponding to the liquidlike phase is lower than that of the vaporlike phase. It has been observed in many experimental systems that the sharp jump in adsorption amount of the adsorption branch of the isotherm occurs at a pressure greater than the equilibrium transition pressure. The classical NLDFT cannot describe this pressure, and to resolve this problem the NLDFT was recently adapted 16, 32 to a canonical ensemble, in the framework of which a pore is considered as a close system. In this case the thermodynamic equilibrium corresponds to the minimum of the Helmholtz free energy. This has the advantage that the adsorbate confined in a pore is stable. The isotherm for sufficiently large pores has an S-shape and the backward branch of the isotherm is bounded by the vaporlike and liquidlike spinodal points. At these points the system loses its stability and, consequently, they can be considered as the limits of metastable branches of the isotherm. The metastable adsorption branch connects the vaporlike equilibrium transition point and the vaporlike spinodal point. Analogously, the metastable desorption branch lies to the left of the equilibrium transition point between the liquidlike equilibrium transition point and the liquidlike spinodal point. It has been argued in the literature that during adsorption the bulk pressure could approach the vaporlike spinodal point, whereas the desorption branch terminates at the equilibrium transition point, resulting in a hysteresis loop. Neimark and co-workers 29, 33 pointed out that in the case of sufficiently large pores the capillary condensation occurs at the vaporlike spinodal point. They denoted this the developed hysteresis loop, to distinguish from the developing loop when the capillary condensation occurs before the vaporlike-spinodal point. The latter occurs in smaller pores. The authors treated isotherms of nitrogen and argon on different ordered mesoporous silica and came to the conclusion that the NLDFT properly and quantitatively describes adsorption and desorption isotherms. 19, 33, 34 In this case the capillary condensation occurs before the bulk pressure reaches the spinodal point. The reason is that the potential barrier separating the metastable state from the true equilibrium state may be overcome due to fluctuations in the adsorbed density. 29 This argument suggests that the potential barrier grows with pore diameter. To estimate the probability of spontaneous jump from the metastable adsorption branch of the isotherm to the stable desorption branch, Vishnyakov et al. 29 suggested a qualitative criterion in the form of Arrhenius equation. Further efforts are needed to clarify the mechanism of phase transition in pores. Our viewpoint is that such a transition occurs through a formation of a fluid structure that is not one dimensional as commonly assumed in all previous NLDFT work. In this paper we consider the two-dimensional fluid structure in confined space by applying the two-dimensional version of the NLDFT.
III. MODEL

A. Nonlocal density functional theory in 2D space
In this paper we use the Tarazona's version of NLDFT. 4 -6 Attractive part of intermolecular interaction is modeled by the Weeks-Chandler-Andersen equation 35 with the usual assumption of the mean field approximation. The repulsive part of the Helmholtz free energy is described by the Carnahan-Starling equation for the equivalent hard sphere fluid. 36 Thus, the intrinsic Helmholtz free energy comprises of the ideal, attractive and repulsive parts. All mathematical details have been described in the literature and can be found elsewhere ͑see Ref. 37 for a thorough review͒. The weighted functions for the Tarazona's smoothed density approximation were given in vector form. 4 In the case of cylindrical geometry these weighted functions are function of three parameters, which are the distance from the cylinder axis to the center of a given molecule, and projections of the distance between the given molecule and any other molecule on radial and longitudinal directions. This three-parametric discrete set of the weighted functions is calculated and tabulated for further use in the subsequent adsorption calculations. In this paper we explore the canonical version of the 2D NLDFT, that is we will search for the density distribution corresponding to the minimum of the Helmholtz free energy of the system. Since the Helmholtz free energy is in the form of quadrature, its numerical evaluation can be done by dividing the radial coordinate and axial coordinate into equal segments whose thickness is one-tenth of the collision diameter. Each ring has a mass that is proportional to the fluid density at given radius and z coordinate along the axis.
In canonical ensemble the total number of particle in a pore is specified. With this constraint the minimization of the Helmholtz free energy leads to the condition that all partial derivatives of the Helmholtz free energy with respect to local density are equal to the same value, which is the chemical potential. The simplest way of calculations is to choose one point in the system, where the local density is determined by the set of the remaining values of the density while maintaining the total amount in the system constant. The partial derivative of the Helmholtz free energy with respect to this density is the chemical potential. But this way requires some precautions to avoid negative density at the specified point and numerical instability of calculations. One logical way is to define the chemical potential of a closed system as follows:
where
In these equations F is the Helmholtz free energy, which is a function of coordinates and the set of local and Tarazona's smoothed densities; is the local density; a is amount adsorbed in the pore, which is specified in canonical ensemble; is an arbitrary number greater than unity, which is introduced to stabilize the iterative procedure. In our calculations was between 20 and 40. At each iteration the chemical potential is recalculated by Eq. ͑1͒ and then the next iterated local density is determined by
where n is the number of iteration. At equilibrium conditions all partial derivatives ‫ץ/‪F‬ץ‬ equal to the chemical potential.
In this case local densities will not further change.
To analyze the nonuniform system along the axis of a cylindrical pore we consider a cell, which is a part of the cylindrical pore, and the cell length is of the order of 10 times the collision diameters. In the case of uniform density distribution the solution completely coincides with that corresponding to the one-dimensional DFT, which confirms the correctness of our approach. To model formation of a nonuniform structure along the radius and the axis we use sinusoidal initial conditions. It stimulated formation of a bridge or gap that could be stable or unstable depending on the average loading and other factors, which will be discussed below.
B. Solid-fluid potential for infinite and finite cylindrical pore
We model the pore walls of cylindrical pores as a set of coaxial cylindrical graphite layers with the same interlayer spacing ⌬ ͑0.335 nm͒ and surface density s ͑38.19 nm
Ϫ2
͒ as in the case of the graphitized carbon black. The contribution of each layer to the solid-fluid potential energy was calculated as integral of Lennard-Jones ͑LJ͒ potential energy between an adsorbed molecule and all carbon atoms on the cylindrical surface of this layer. The solution of this task for the cylinder of infinite extent has been obtained in the form of hypergeometric function. 38 However, we used a direct approach of integrating the LJ pairwise potential over the surface of the carbon wall. This approach is more general than the analytical approach because it can be applied readily to the case of finite pores. For example, in the case of a single cylindrical layer of infinite extent in the longitudinal direction this potential may be written as follows:
Here R is the radius of the cylindrical layer and r is the radial distance of a given point inside the cylinder from its axis. As is seen from Eq. ͑4͒, integrating over the cylindrical layer surface is reduced to an integral of one dimension. Such a transformation can be applied for the case of finite pore ͑see the Appendix for further details͒. The direct numerical approach is very fast and the results of integration can be tabulated for subsequent adsorption calculations.
The finite pore in this paper is chosen as an active part of an infinite pore where solid-fluid potential is nonzero and it is zero otherwise. We considered the application of 2D NLDFT to the finite and infinitely long cylindrical pore. Figure 1 shows equipotential lines in the proximity of the edge of the semi-infinite cylinder of 4 nm diameter. The dashed line denotes the boundary between the active and inactive parts of the pore. It is seen from the figure that the potential field substantially differs in the region of the mouth of the pore and deviates from uniform distribution along the pore axis. The potential becomes weaker in this region, however, it does not equal zero outside the pore. Inside the pore the potential becomes nearly uniform at a distance of about 3-4 collision diameters from the pore edge. We use this potential to model adsorption in finite pores.
IV. RESULTS
A. Adsorption of argon in finite cylindrical pores
Adsorption in finite cylindrical pores is more complicated compared to one-dimensional solution for a cylindrical pore of infinite extent. However, it is essential to consider the two-dimensional finite pore as it models real pore better than the one-dimensional infinite pore does. The latter is merely an asymptotic case of finite pore, and as such it could not exhibit behaviors that finite pores do.
Molecular parameters for argon are taken from the paper of Ravikovitch and Neimark. 39 For the collision diameter and the hard sphere diameter the authors gave values 0.3305 nm and 0.338 nm, respectively. The value of the potential well depth ⑀ f f /k was taken as 118.05 K. For the solid-fluid potential ⑀ s f /k we used the value 57.95 K, which corresponds to the best fit of the argon isotherm on graphitized carbon black at 87.3 K. Chemical potential was calculated by Eq. ͑1͒ and at equilibrium it is equal to the partial derivative of the Helmholtz free energy with respect to density. Given the chemical potential, the equilibrium bulk phase pressure was calculated by the equation of state, which is a combination of the Carnahan-Starling equation and the WeeksChandler-Andersen scheme for attractive forces in the case of homogeneous fluid. The results for argon adsorption at 87.3 K in the cylindrical pores of 3 and 4 nm diameters are shown in Fig. 2 in the form of the pore average density versus reduced pressure. The density in this paper is defined as ϭN/(LR 2 ), where N is the number of adsorbed moles, L and R are the length and radius of the pore, respectively. Dashed line ABCDEFG is obtained from the 1D canonical version of NLDFT. The features of this curve are typical for the 1D case of canonical ensemble and discussed elsewhere. 16 Part BC is the metastable adsorption branch. The backward branch CDE between vaporlike and liquidlike spinodal points is unstable in open systems. The part EF is the metastable desorption branch. Vertical solid line BDF corresponds to the equilibrium phase transition, where the equality of the grand thermodynamic potentials between the lower and the upper points ͑B and F͒ of this line holds. The curve ABDFG has been obtained by 1D grand canonical NLDFT. Parts AB and FG calculated by the canonical and grand canonical NLDFT completely coincide, which confirms the credibility of the results. The results calculated by the 2D version of the density functional theory for the finite pore of the same diameter and length of 40 collision diameters are presented as symbols ͑᭺ and ᭝͒. Circle symbols denote the density averaged over the total pore volume, while triangles correspond to the average density in the section of the pore away from the boundary. In the central part of the pore away from its edges the density distribution in the axial direction is nearly uniform, and it agrees with that obtained for the infinitely long pore by 1D NLDFT. Results presented as circles are lower than those described by triangle symbols. This is because the loading is lower in the proximity of the pore edges, where the solid-fluid interaction is weaker. The most interesting feature is that after the vaporlike spinodal point has been reached the pressure decreases rapidly towards the equilibrium transition pressure and never goes to the left of this point. At this instant the average density in the central section of the pore is approximately the loading on the desorption branch at the liquidlike equilibrium transition point ͑triangle symbol next to the point F͒. This suggests a formation of a meniscus separating the liquid section of the pore ͑the central section͒ and the vaporlike phase ͑near the pore mouth͒. The vaporlike section behaves like point B of the 1D solution while the liquidlike section behaves like point F on the same isotherm. The fraction of the pore occupied by the liquid phase ͑the central section of the pore͒ is estimated from the equilibrium vaporliquid tie line BF and the position at which the phase splitting occurs ͓point Q in Fig. 2͑b͔͒ . The ratio of the liquid phase to vapor phase at the instant of phase splitting is BQ/FQ. As density increases, the pore fraction occupied by the vaporlike phase decreases but the pressure remains the same as the equilibrium vapor-liquid transition pressure. This continues until the fraction of the vaporlike phase approaches zero, beyond which the adsorbed phase density slowly increases due to the compression of liquid. This is clearly seen in Fig. 3 where we show the density distribution along the axis direction for the finite pore of 3 nm diameter and 40 collision diameters length ͑13.22 nm͒. Note that the density is averaged over the cross section of the pore. The curve 1 reflects uniform distribution along the pore and approximately corresponds to the vaporlike spinodal point. Small increase of the loading leads to a spontaneous split of the adsorbed phase, and at this instant the bulk phase pressure decreases and approaches the equilibrium transition pressure, suggesting the equilibrium between the two coexisting phases. In the central part of the pore dense liquidlike phase has appeared, while in regions closer to the pore edges the density has decreased slightly due to the transfer of molecules into the liquid phase in the central part. Further increase of loading leads to the increase of the liquidlike phase at the expense of pore section occupied by the vaporlike phase. Eventually, the vaporlike phase disappears and then the pressure starts to increase due to the increase of the adsorbed phase density. Thus, one can conclude that in canonical ensemble the adsorbed phase in cylindrical pore cannot be uniform in the axial direction in the region of instability between the two spinodal points. The importance of long enough simulation cell needs to be emphasized because if the cell length is short uniform density distribution would be resulted even with Monte Carlo simulation or 2D NLDFT. In this case the appearance of the liquid-vapor interface would increase the total Helmholtz free energy, which is not thermodynamically favorable. 16 The desorption branch of the isotherm is plotted in Fig.  2 , shown as filled circle symbols. We note that the desorption does not follow the metastable desorption branch. Upper parts of the adsorption and desorption branches nearly coincide. As the amount adsorbed decreases the section of the pore occupied by liquidlike phase shrinks until the two-phase coexistence becomes unstable. At this moment molecules rearrange, the liquidlike phase disappears and the pressure slightly increases for the case of 4 nm pore. However, the pressure does not reach the vaporlike spinodal point. One could expect that in the case of infinitely long pore desorption will go along the curve GFDBA. It is interesting to note that in the case of 3 nm diameter the desorption branch is shifted toward lower value of pressure, while in larger pore of 4 nm the evaporation pressure is very close to the equilibrium transition pressure. The reason of this feature is not quite clear and, probably, in the former case of finite pore there are two different solutions. Figure 4 shows the density distribution for the 3 nm pore at the same average density of 18 mmol/cm 3 for adsorption and desorption branches of the isotherm.
Freezing of argon in finite cylindrical pores
The 2D version of NLDFT developed for nonuniform density distribution along cylindrical pore axis leads to some results, which could never be obtained by the onedimensional version. After the adsorbed phase has split into vaporlike and liquidlike phases, a molecular ordering can be observed. It is reflected in the appearance of small periodical density oscillations along the axial direction, which grow very fast with the increase of the average density. It is accompanied by the decrease in the Helmholtz free energy and increase of density of the liquidlike phase. This strong mo- 41 noted that in most experimental systems adsorbents like pore glass had weak solid-fluid potential compared to the fluid-fluid potential. Theoretical analysis of methane adsorption in carbon buckytubes 41 and experimental studies of adsorption of different species on mica surfaces [42] [43] [44] and in graphitic micropores 45 show that the freezing temperature may be significantly higher than that in the corresponding bulk phase. However, all results described below should be considered with caution. The reason is that the developed version of the NLDFT does not account for the density variations with respect to the axial angle. As a result the minimum of the Helmholtz free energy achieved in the simulation might not correspond to a global minimum, but rather a local one. Second, the application of the mean field approximation to strongly structured adsorbed phase is questionable. Even though the above simplifications do not allow us to reproduce quantitatively properties of the fluid in the bulk phase and in the adsorbed phase, it is worthy to analyze the equilibrium of the system to obtain a better insight into capillary phenomena. To judge whether the shift of freezing point is negative or positive it is necessary to calculate the bulk phase diagram and the triple point for the case of cylindrical symmetry when density is a function of the two independent variables: radius and axial distance. This will be presented in our future correspondence.
In the preceding section we presented results that were obtained by the following procedure. To suppress oscillations we smoothed density distribution in the axial direction in each 10 iterations by replacement of the density at a given point by an average of this point and its two nearest points. By such a way adsorbed argon was artificially constrained at liquidlike state against the tendency of the system to evolve into solidlike adsorbed phase. If the suppression of the density oscillation is relaxed the molecular ordering then develops resulting in an increase of the average density. This signals the phase transition from liquid to solid. This process is extremely long. During the process of calculations the chemical potential increased sharply numerous times and then gradually decreases, implicitly revealing local molecular rearrangement that leads each time to a more favorable configuration. What is significant here is that the solidification started from the regions close to the vapor-liquid boundaries. It suggests that the vapor-liquid meniscus promotes the solidification and provides necessary nucleation sites. In the case of infinite pore the process of solidification may be initiated by density fluctuations and they have to be large enough to overcome a potential barrier associated with the formation of the solid-liquid interface.
In Fig. 5 we plotted contours of constant local density corresponding to minimum of the Helmholtz free energy. The average density in this case is 27 mmol/m 3 . It is seen that the hexagonal molecular structure of the adsorbed phase has been formed. The density of the solid phase is higher than that of the liquid phase, so the solidification leads to shifting of the meniscus ͑to retain constant loading͒ and the solid region toward the central part of the pore. The highest density is observed in the proximity of the pore wall, while the pore axis is void of any molecule. The latter is due to the solidification and the spacing of the pore axis is not large enough to accommodate an extra layer of molecules. We note in Fig. 5 that the meniscus is clearly defined. In the neighborhood of the interface, we also observe a transition from solidlike behavior to vaporlike behavior of the adsorbed phase. Figure 6 shows the adsorbed phase structure in the case when the average argon density is 17 mmol/cm 3 in pore of 3 nm diameter ͑compared to 27 mmol/cm 3 in Fig. 5͒ . Central part of the adsorbed phase is still in solid state, whereas the part near to the pore mouth is definitely liquidlike. One can see that there is an adsorbed film of argon at the inner pore surface of the vaporlike region without any ordering along the pore wall. 
Isotherms in cylindrical pores and hysteresis in the case of freezing of argon
The molecular rearrangement with the formation of highly ordered structure that was considered in the preceding section has a significant consequence, which is reflected in the isotherm. Here we shall consider it in more detail. Figures 7͑a͒ and 7͑b͒ present argon isotherms for finite cylindrical pores of 3 and 4 nm diameters. Both have the same length ͑40 collision diameters͒. Dashed lines are calculated by canonical ensemble 1D NLDFT. Vertical dashed lines correspond to equilibrium vapor-liquid transition pressure, at which the grand potentials corresponding to the lower and upper points located on the adsorption and desorption liquid branches are equal. Circles denote liquidlike adsorption isotherms, which we obtained by suppressing the adsorbed phase to prevent crystallization as described in the preceding section. Squares ͑open for adsorption and filled for desorption͒ correspond to the case where we allowed crystallization in the adsorbed phase. What is interesting is that in the latter case evaporation occurs at lower pressure compared to that calculated for the uniform liquidlike structure of the adsorbed phase. One can see that at loadings up to the vaporlike spinodal point solutions corresponding to suppressing the adsorbed phase are the same as those when we do not suppress it. It means that crystallization does not occur in this low loading region and the adsorbed phase has the form of liquidlike films spreading over the inner pore surface. After the spinodal point has been reached, the pressure sharply decreases to vapor-liquid equilibrium pressure, indicating the coexistence of vapor and liquid. Further small increase of amount adsorbed does not immediately lead to crystallization and the equilibrium pressure holds at approximately the vapor-liquid transition pressure. Then the molecular rearrangement suddenly occurs and instead of further liquid filling the central part of the pore the solid phase appears. At this moment the pressure shifts to the lower level, corresponding to the vapor-solid coexistence. Further increase of loading nearly does not affect the equilibrium pressure until the pore is completely packed with molecules. Any further increase in the amount adsorbed leads to an increase of pressure. This part of the isotherm is higher than that corresponding to the ''artificially'' liquid adsorbed phase because of the higher density of the solid argon. The upper and lower parts of the desorption branch ͑filled square symbols͒ nearly coincide with those for the adsorption branch of the isotherm. However, we see that the vertical part of desorption branch is extended to significantly lower loading. It means that the solidlike adsorbed fluid filling the central part of the pore shrinks with the decrease of the total amount of argon in the pore but still maintains its integrity. At a critical value of the amount adsorbed the solidlike central part of the adsorbed phase becomes unstable and completely sublimes. The pressure abruptly increases and exactly falls on the adsorption branch. This corresponds to the situation where the adsorbed phase has become liquidlike and uniformly ͑with the exception regions close to open ends of the pore͒ distributed over the pore walls in the form of thin film.
Such a behavior of the adsorbed argon observed so far allows us to suggest the following mechanism for adsorption of argon in a cylindrical pore. In the early stage of adsorption, argon adsorbs uniformly along the pore and the adsorbed phase is liquidlike film adjacent to the solid surface.
When the pressure approaches the vaporlike spinodal point the adsorbed phase becomes unstable and it splits into two phases. The first phase is in the central part of the cylindrical pore and the cross section of this part is completely filled with argon molecules in liquidlike state. The other phase is near the pore entrance where the adsorbed film remains on the pore wall, and the core of this section is vaporlike and it contributes negligibly to the total amount adsorbed. This split could occur before the vaporlike spinodal point is reached due to fluctuations in the density of the liquidlike film. In sufficiently narrow pores the adsorbed phase could divide into two phases at equilibrium transition pressure because the potential barrier could be easily overcome due to the fluctuations. Once appeared, the dense phase is in the form of a bridge, which is liquidlike because the molecular ordering is a relatively slow process. Once it is formed the bridge will spontaneously expand because this growth is thermodynamically favorable. In the open ͑grand canonical͒ system this process occurs at constant pressure until the pore volume is completely filled with liquidlike fluid. Rapid exchange of mass with the surrounding creates a disturbance, which hinders the crystallization. However, this process will start after the pore is filled. The molecular rearrangement and transformation of the liquidlike phase into the solidlike phase will lead to an increase in the amount adsorbed. Further increase of the bulk phase pressure will increase slightly the adsorbed phase density due to small compressibility of the frozen argon and tighter molecular packing at the pore ends.
Desorption will occur by another mechanism after the bulk pressure falls to the vapor-liquid equilibrium transition point. At this point the adsorbed phase remains solidlike, which is thermodynamically more favorable. Hence, the evaporation does not occur at this point and the bulk pressure will drop to a lower value, which conforms to the solidliquid coexistence. This point is the actual pressure of equilibrium transition at which evaporation takes place until the amount adsorbed reaches the adsorption branch of the isotherm. The hysteresis loop in this case is bounded by the pressure of equilibrium solid-fluid transition on the left-hand side and equilibrium vapor-liquid transition pressure on the right-hand side. Of course, in larger pores the capillary condensation pressure will shift toward the vaporlike spinodal point due to the increase of the potential barrier, which could not be overcome readily by density fluctuations. On the other hand, in smaller pores the hysteresis loop described above could disappear due to more intensive and rapid crystallization, which gives rise to spontaneous filling of the pore volume with solidlike fluid without the intermediate formation of liquidlike phase. This hypothetical mechanism probably could be realized in pores with smoothed wall surface like graphite. The most attractive adsorbents to analyze described features by means of NLDFT are activated carbon and carbon nanotubes. In the case of siliceous adsorbents like MCM-41 the amorphous pore wall surface probably prevents molecular ordering of the adsorbed phase.
B. Argon adsorption in infinite cylindrical pores
Adsorption in infinite cylindrical pores may be considered as a limiting case of adsorption in finite pores. However, the former case is an idealization of a real pore and it is not known a priori whether the absence of the pore edges and meniscus from the consideration does lead to any significant change in the adsorbed phase behavior or not. In this section we consider solution of the 2D NLDFT using a cylindrical cell with mirror image boundary conditions to simulate an infinite pore. The solid-fluid potential defined by Eq. ͑4͒ is valid for infinitely long cylinder. In the case of solidlike adsorbed phase the cell must have an integer number of periods of the density oscillation. Consequently, the distance between neighboring molecules depends on the cell length. This dependence decreases with an increase of the cell length, but at the expense of high computation cost. We compromise this by taking a cell length of about 10 collision diameters and then adjusting this length to minimize the Helmholtz free energy. As a general rule, it was sufficient to perform this adjustment once for a completely filled pore at a given pore diameter. Initial conditions are chosen to study the onset of adsorption and desorption branches. In the case of adsorption branch the initial distribution was uniform with a relatively small amount adsorbed ͑about 1 mmol/cm 3 
͒.
Once the equilibrium is achieved, the amount adsorbed increases, with the equilibrium density distribution of the previous loading was taken as the initial condition for the calculation of the next loading. In the case of desorption branch we initiated crystallization by using an initial sinusoidal density distribution along radial and axial directions. This procedure does not produce any artifacts, because the initial density oscillations would disappear if the equilibrium uniform distribution ͑along the axis͒ is thermodynamically favorable.
Results of application of the 2D NLDFT to argon adsorption in infinite pore of 3 nm diameter are shown in Fig.  8 . Adsorption branch of the isotherm calculated by 2D NLDFT ͑open circles͒ completely coincides with the solution obtained for one-dimensional case ͑solid line͒ over the full range of pressure. Hence, during adsorption the adsorbed phase is liquidlike despite the solid configuration is thermodynamically favorable. That is because density functional theory does not reproduce any effects associated with fluctuations. By this reason the adsorbed phase resembles a supercooled liquid. Formation of the solidlike adsorbed phase requires some initiation. In the case of finite pore the process of crystallization is induced by the presence of the meniscus, which is absent in the case of infinite pore. The desorption branch ͑filled circles͒ was started from the crystalline form of the adsorbed argon occupying the whole pore volume. It is seen from the figure that the density of the solidlike argon is higher compared to the liquidlike argon. Decrease of the amount adsorbed leads to the sharp decrease of the reduced pressure until it approaches a characteristic value of about 0.094, which is less than the equilibrium vapor-liquid transition reduced pressure ͑0.1424͒. This characteristic pressure of 0.094 remains constant when the argon loading is reduced from 30 to 25 mmol/cm 3 ͑point A to C͒. This is an indication of phase coexistence. Further decrease of loading leads to an increase in pressure towards vapor-liquid transition pressure. When the loading is less than approximately 20 mmol/cm 3 , the pressure suddenly increases and falls on the adsorption metastable branch of the isotherm. At lower amount adsorbed the isotherm is reversible.
The sequence of Figs. 9͑a͒-9͑f͒ shows the evolution of the adsorbed phase state with the decrease of argon amount adsorbed. At high average density of 31 mmol/cm 3 ͑point A on Fig. 8͒ the adsorbed phase is highly ordered as shown in Fig. 9͑a͒ . Molecules are packed in hexagonal solidlike structure. Figure 9͑b͒ is plotted for a lower average density ͑28 mmol/cm 3 ͒, which corresponds to point B on the middle of the vertical part of the desorption branch in Fig. 8 . This figure shows that the structure in the core of the pore has changed and become smoother, indicating formation of liquidlike structure in the proximity of the pore axis. This is further manifested in Fig. 9͑c͒ for the argon density of 25 mmol/cm 3 ͑point C on the isotherm of Fig. 8͒ . The fluid in the core of the pore is completely melted, whereas it is still solidlike close to the pore walls. Hence one can conclude that the vertical part of the desorption branch of the isotherm corresponds to the solid-liquid phase transition. The density oscillates along the axis with the period of about one collision diameter, but there are no long-range oscillations with the formation of a meniscus. It means that the adsorbed phase has split into solid and liquid regions along the radial direction, and the interface is parallel to the pore walls. The pressure of the solid-liquid coexistence is nearly the same in relatively wide range of the amount adsorbed. Interestingly when the average density becomes lower than a critical value, the liquidlike phase is evolved along the axial direction into the vaporlike and the solidlike phase ͓Fig. 9͑d͔͒. Before the liquidlike phase was broken it was in a highly stretched state, which did not allow it to be organized in an ordered solidlike structure. The appearance of meniscus sharply decreases the longitudinal stress, and the part of fluid that was in liquidlike state ͑as a result of melting during the decrease of loading͒ again solidifies. The state of argon adsorbed at the pore wall in the part of pore with empty core is somewhat ordered, but it could be resulted from not sufficient length of the cell ͑only 10 collision diameters͒. Never- theless, the appearance of two phases along axial direction does not correspond to the vapor-liquid coexistence. Rather, this is the case of vapor-solid coexistence, which conforms to a lower pressure compared to that for the vapor-liquid coexistence. The decrease of amount adsorbed leads to the expansion of the vaporlike phase and the shrinkage of the solidlike phase within the core, which is accompanied by apparent melting of this part ͓Fig. 9͑e͔͒. Thus, the vaporsolid coexistence is gradually shifted to the vapor-liquid coexistence. At a critical value of the average density the core is completely vaporized and the density distribution along the pore axis becomes uniform ͓Fig. sponds to the metastable branch of the adsorption isotherm ͑point D of Fig. 8͒ .
Further investigations are needed to determine effect of the pore diameter and temperature on the state of adsorbed phase and phase transition. It is also necessary to check the applicability of the Tarazona's version of density functional theory and the mean field approximation to the case of highly ordered structure of fluids both in the bulk phase and in confined space of the pore volume of adsorbents. Another aspect worthwhile of further study is the application of the density functional theory to deal with surface roughness, as in case of siliceous adsorbents. 
